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HIGHLIGHTS 


•  Zn-doped  Li3V2(P04)3/C  were  synthesized  by  an  improved  sol-gel  method. 

•  Zn  doping  had  an  obvious  influence  on  particle  size  of  the  prepared  powders. 

•  Zn-doped  samples  exhibited  higher  electrical  conductivity. 

•  The  cyclability  and  rate  performance  were  improved  significantly  by  Zn  doping. 

•  Zn-doped  cathode  showed  increased  charge-transfer  reaction  and  Li-ion  diffusion. 
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Zn-doped  Li3V2(P04)3/C  (Li3V2_xZnx(P04)3/C,  x  =  0,  0.02,  0.04  and  0.06)  cathode  materials  are  synthe¬ 
sized  by  an  improved  sol— gel  method  of  which  pH  value  is  controlled  at  4.  They  are  characterized  by  X- 
ray  diffraction,  scanning  electron  microscopy,  high  resolution  transmission  electron  microscopy,  linear 
sweep  voltammetry,  galvanostatic  charge/discharge  test,  cyclic  voltammetry,  electrochemical  impedance 
spectroscopy  and  potential  step  chronoamperometry.  Li3Vi.96Zno.o4(P04)3/C  has  the  highest  electrical 
conductivity  among  the  four  samples.  Although  the  initial  discharge  capacity  for  the  doped  samples  at 
low  current  rate,  such  as  0.2C,  presents  no  obvious  enhancement  compared  with  that  for  the  undoped 
one,  the  cyclability  and  the  rate  performance  are  improved  significantly.  Zn-doped  samples  exhibit 
higher  initial  discharge  capacity  than  the  undoped  one  as  increasing  current  rates.  Among  the  three  Zn- 
doped  samples,  Li3Vi.96Zno.o4(P04)3/C  shows  the  highest  initial  discharge  capacity  of  105.5  mAh  g-1  at 
5C.  Capacity  retention  for  Li3Vi.96Zno.o4(P04)3/C  remains  83.6%  at  0.2C  after  50  cycles,  higher  than  62.8% 
for  Li3V2(P04)3/C.  It  is  believed  that  Zn  substitution  is  beneficial  to  the  rate  performance  and  cyclic 
performance  due  to  the  lower  charge  transfer  resistance  and  higher  diffusion  coefficient  of  lithium  ions 
resulted  from  relatively  higher  intrinsic  conductivity  and  smaller  particle  size. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nowadays,  lithium  ion  batteries  are  extensively  used  because  of 
its  high  energy  density,  excellent  charge/discharge  capability  and 
good  safety  [1  .  In  comparison  with  layered  transition  metal  oxides 
LiM02  (M  =  Co,  Ni,  Mn),  lithium  transition  metal  phosphates  Lix_ 
My(P04)z  (M  =  Fe,  V)  with  strong  P-0  bonds  and  three-dimension 
solid  framework  can  guarantee  both  dynamic  and  thermal  stability 
to  meet  the  need  of  safety  performance  in  electric  vehicles  (EVs) 


*  Corresponding  author.  Tel.:  +86  22  27404262;  fax:  +86  22  27404724. 
E-mail  address:  rsguo@tju.edu.cn  (R.  Guo). 

http://dx.doi.org/10.1016/jjpowsour.2014.07.005 

0378-7753 /©  2014  Elsevier  B.V.  All  rights  reserved. 


and  hybrid  electric  vehicles  (HEVs)  [2  .  In  the  family  of  lithium 
transition  metal  phosphates,  monoclinic  Li3V2(P04)3  has  attracted 
wide  attention  for  its  high  theoretical  capacity  (197  mAh  g'1)  in  the 
instance  that  all  the  three  Li+  ions  can  be  reversibly  extracted  from 
and  reinserted  into  the  host  in  the  voltage  range  from  3.0  V  to  4.8  V. 
Moreover,  its  unique  NASICON  structure  provides  a  3D  framework 
and  a  large  interstitial  space  for  lithium  ions  transfer  [3  .  It  is 
commonly  believed  that  Li3V2(P04)3  is  a  promising  cathode  mate¬ 
rial  due  to  its  high  theoretical  capacity  (197  mAh  g-1),  good  lithium 
ions  diffusion  coefficient  and  suitable  operating  voltage  (3.0-4.8  V) 
[4-6]. 

Although  it  possesses  so  many  advantages,  Li3V2(P04)3  still  has 
some  drawbacks,  such  as  low  electrical  conductivity  (~1CT7  S  cm-1) 
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[7]  and  poor  cycling  performance  [8,9  ,  thus  hindering  further 
practical  implementation.  There  are  several  significant  efforts  have 
been  made  to  overcome  these  drawbacks,  including  doping  with 
metal  ions  [10-13  ,  coating  with  carbon  [9,14]  or  high  electrical 
conductivity  metal  oxides  15,16],  reducing  particle  size  [5,17]  and 
controlling  morphologies  of  particles  [18,19].  It  is  more  preferable 
to  dope  Li3V2(P04)3  with  trace  elements  to  improve  its  intrinsic 
conductivity.  On  one  hand,  V-site  substitutions  of  Li3V2(P04)3  by 
Mg2+  [20],  Cr3+  [21],  Fe2+  [12],  Ce3+  [22],  Nb5+  [23]  and  Ti4+-Mg2+ 
codoping  24]  have  been  extensively  explored.  Huang  et  al.  [25] 
considered  that  in  V-site,  the  existence  of  Mg2+  in  Li3V2(P04)3 
compound  would  cause  some  local  defects  in  the  crystal  structure, 
leading  to  an  increase  in  electrical  conductivity. 
Li3V1.8Mgo.o3(P04)3/C  exhibited  a  good  cycle  performance,  with  a 
retention  rate  of  discharge  capacity  being  91.4%  at  1C  after  100 
cycles.  On  the  other  hand,  Chen  et  al.  [26]  synthesized  Li3_x_ 
NaxV2(P04)3  (x  =  0,  0.03,  0.05  and  0.07),  in  which  Li+  was 
substituted  by  Na+  through  a  sol-gel  method.  The 
Li2.95Nao.o5V2(P04)3  showed  a  good  rate  performance.  It  also 
delivered  an  initial  capacity  of  187  mAh  g_1  at  0.2C.  Ouyang  et  al. 
[27]  have  reported  that  the  band  gap  of  Na-doped  LiFeP04  is  much 
narrower  than  pure  LiFeP04  materials  and  energy  barrier  for  Li+ 
ions  diffusion  is  decreased  after  Na  doping.  Based  on  this,  Kuang 
et  al.  2]  suggested  that  energy  barrier  for  Li  +  ions  diffusion  in  Na- 
doped  Li3V2(P04)3  was  also  decreased  when  compared  with  those 
in  pure  Li3V2(P04)3.  Apart  from  what  mentioned  above,  PO4- 
substituted  by  C\~  has  been  investigated  as  well  by  Yan  et  al.  28  .In 
their  work,  Li3V2(P04)2.8sClo.i2/C  composite  possessed  an  excellent 
discharge  capacity  as  high  as  106.9  mAh  g-1  after  80  cycles  at  8C. 

Zn  doping  has  been  adopted  to  improve  electrochemical  per¬ 
formance  of  LiFePC>4  by  Liu  et  al.  [29].  They  reported  the  initial 
specific  discharge  capacity  of  LiZno.oiFeo.ggPCTi  was  improved  by 
50.0%  at  0.1  C  compared  with  that  of  pure  LiFePCH.  Arumugam  et  al. 
[30]  synthesized  spinel  LiZnxMn2_x04  (x  =  0-0.15)  by  sol-gel 
technique.  They  found  that  LiZno.1Mn1.9O4  exhibited  good  capacity 
retention  of  87%  at  a  current  rate  of  0.5C  after  100  cycles. 

It  has  been  noted  that  pH  value  has  an  obvious  influence  on  the 
morphologies,  particle  size  and  agglomeration  of  the  prepared 
powders.  Dokko  et  al.  [31  prepared  LiFeP04  with  needle-like,  plate 
like  and  randomly  shaped  morphologies  by  changing  pH  value 
using  hydrothermal  method.  The  plate-like  crystals  exhibited  the 
highest  electrochemical  reactivity  with  a  discharge  capacity  being 
163  mAh  g”1  at  0.1  C. 

An  improved  sol-gel  process  has  been  developed  to  prepare 
Li3V2(P04)3/C  cathode  material  and  to  investigate  the  influences  of 
different  pH  values  on  crystalline  structure,  morphology,  particle 
size  and  electrochemical  properties  of  Li3V2(P04)3/C  in  a  previous 
work  of  our  group  [32].  Compared  with  Li3V2(PC>4)3/C  prepared  at 
pH  7,  Li3V2(P04)3/C  prepared  at  pH  4  had  relatively  better  cycle 
performance  and  higher  initial  charge-discharge  capacity  at  low 
rates.  However,  the  improvements  of  the  initial  charge-discharge 
capacity  were  limited  at  high  rates,  such  as  5C.  It  seems  sole 
changing  pH  value  during  the  sol-gel  process  is  not  sufficient  to 
realize  a  significant  enhancement  of  comprehensive  electro¬ 
chemical  performance.  Based  on  this  and  considering  Zn  doping 
done  by  Liu  et  al.  [29]  and  Arumugam  et  al.  [30],  we  propose  that  Zn 
doping  may  also  be  helpful  to  improving  electrochemical  perfor¬ 
mance  ofLi3V2(P04)3/C.  First,  Zn  doping  can  reduce  the  particle  size 
and  make  the  specific  surface  area  larger,  which  are  beneficial  for 
the  electrolyte  penetration  and  lithium  ions  diffusion.  Second,  the 
radius  of  Zn2+  (0.074  nm)  is  larger  than  V3+(0.064  nm)  in  the  V06 
octahedra,  so  the  replacement  of  vanadium  by  zinc  in  the  mono¬ 
clinic  structure  can  cause  an  increase  in  the  unit  cell  volume  and 
leads  to  a  distortion  of  V  positions,  thus  resulting  in  narrowing 
band  gap  of  Zn-doped  Li3V2(P04)3  and  making  lithium  ions 


diffusion  easier.  This  means  the  intrinsic  conductivity  of  Zn-doped 
Li3V2(P04)3  can  be  increased.  Last,  V3+  can  be  oxidized  to  V4+  and 
V5+  during  lithium  ions  extraction-insertion  with  extraction- 
expansion  of  the  crystalline  lattice,  while  Zn2+  does  not  partici¬ 
pate  in  the  reaction.  Thus,  Zn  doping  can  play  a  role  in  stabilizing 
the  crystalline  lattice.  It  is  expected  that  good  crystallinity,  small 
particle  size  and  little  agglomeration  could  be  achieved  by  means  of 
comprehensive  effects  of  both  changing  pH  value  and  Zn  doping.  To 
the  best  of  our  knowledge,  there  are  no  reports  available  right  now 
on  this  aspect. 

In  this  work,  Zn-doped  Li3V2(P04)3/C  (Li3V2-xZnx(P04)3/C,  x  =  0, 
0.02,  0.04  and  0.06)  cathode  materials  were  prepared  via  an 
improved  sol-gel  method  whose  pH  value  was  adjusted  to  4.  And 
effects  of  dopant  content  on  phase  composition,  microstructure 
and  electrochemical  performance  of  Li3V2_xZnx(P04)3/C  were 
investigated. 

2.  Experimental 

Li3V2-xZnx(P04)3/C  (x  =  0,  0.02,  0.04  and  0.06,  abbreviated  as 
Zno,  Zn2,  Zn4  and  Zn6,  respectively)  cathode  materials  were  pre¬ 
pared  by  a  sol-gel  method  in  which  pH  value  was  controlled  at  4 
[32].  V2O5  (AR,  99.0  wt%,  Chemical  Reagent  Factory  of  Hunan  Coal 
Science  Research  Institute,  China),  ZnO  (AR,  99.0  wt%,  Kewei  Cor¬ 
poration  of  Tianjin,  China),  citric  acid  (AR,  99.5  wt%,  Kewei  Corpo¬ 
ration  of  Tianjin,  China),  NH4H2PO4  (AR,  99.0  wt%,  Kewei 
Corporation  of  Tianjin,  China)  and  Li2C03  (AR,  99.0  wt%,  Tianjin 
Benchmark  Chemical  Reagent  Limited  Company,  China)  with  a 
molar  ratio  of  2-x:x:4:6:3  (x  =  0, 0.02, 0.04, 0.06)  were  employed  as 
the  starting  materials.  Citric  acid  was  added  simultaneously  as 
chelating  reagent,  carbon  source  and  reductive  agent.  First,  stoi¬ 
chiometric  citric  acid,  Li2C03,  ZnO  and  NH4H2PO4  were  dissolved 
into  20  mL  deionized  water,  respectively.  The  citric  acid  solution 
was  poured  into  a  beaker  with  V2O5  powder  inside.  Next  the 
mixture  was  heated  to  60  °C  under  continuous  stirring  until  the 
solution  turned  to  dark  blue.  Then  the  Li2C03,  ZnO  and  NH4H2PO4 
solutions  were  added  to  the  dark  blue  solution.  The  resultant 
mixture  was  heated  and  maintained  at  60  °C  under  continuous 
stirring  for  30  min  pH  value  of  the  solution  was  adjusted  to  be  4  by 
adding  appropriate  amount  of  acetic  acid  (AR,  36-37  wt%,  Tianjin 
Standard  Science  and  Technology  Limited  Company,  China).  The 
temperature  of  the  mixture  was  kept  at  60  °C  under  continuous 
stirring  for  1  h.  Excess  water  was  evaporated  at  80  °C  under 
continuous  stirring  until  a  blue  wet  gel  was  obtained.  After  drying 
the  gel  at  80  °C  for  24  h  in  an  oven,  the  dry  gel  was  carefully  grinded 
using  a  mortar  and  pestle  for  1  h.  The  powders  were  calcined  at 
350  °C  for  5  h  in  an  atmosphere  of  95%  N2  +  5%  H2  in  a  quartz  tube 
furnace  to  release  H2O,  CO2  and  NH3  and  then  further  fired  at 
750  °C  for  8  h  under  the  same  atmosphere.  After  grinding  with  the 
mortar  and  pestle,  the  resulted  powders  were  sieved  through  a  280 
mesh  screen. 

The  crystalline  phase  determination  of  powders  was  carried  out 
by  an  X-ray  diffractometer  (XRD)  with  Cu  Ka  radiation  source  (D/ 
Max-2500,  Rigaku).  A  step  scan  mode  was  adopted  with  a  scan  rate 
of  6°  min1  in  the  26  range  of  10-60°.  The  morphology  of  the 
particles  was  observed  using  a  scanning  electron  microscope  (SEM, 
TDCLS4800).  The  morphology  and  the  surface  texture  of  the  carbon 
coated  powders  were  characterized  by  a  high-resolution  trans¬ 
mission  electron  microscope  (HRTEM)  (Philips,  Tecnai  G2  F20).  The 
specific  surface  area  measurements  were  performed  on  automated 
surface  area  analyzer  (Quantachrome  BET  Nova  2000).  The  content 
of  carbon  in  different  composites  was  measured  by  elemental 
analyzer  (Elementar,  Vario  Micro  cube). 

The  powders  were  pressed  to  obtain  disk-shaped  pellets  at 
10  MPa  for  electrical  conductivity  measurement,  using  a  stainless 
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steel  mould  with  12  mm  in  diameter.  The  thickness  of  the  pellets  is 
measured  by  a  vernier  caliper  (usually  around  1.5  mm).  Then  the 
pellets  were  fixed  in  a  self-made  mould  made  of  an  organic  insu¬ 
lator.  The  two  sides  of  the  pellets  were  connected  to  a  Chenhua 
CHI660C  Electrochemical  Workstation.  Electrical  conductivity 
measurement  of  powders  was  adopted  with  linear  sweep  voltam¬ 
metry  by  a  three-probe  method  and  a  voltage-current  curve  was 
gained.  Then  the  value  of  the  electrical  conductivity  was  calculated 
by  the  following  equation: 

k  =  4/  j  irRd2  ( 1 ) 

where  k  is  the  electrical  conductivity,  R  is  the  resistance  obtained 
from  the  slope  of  the  linearly  fitted  line  of  the  voltage-current 
curve,  l  is  the  thickness  and  d  is  the  diameter. 

Electrochemical  measurements  were  performed  between  3.0  V 
and  4.8  V  vs.  Li+/Li  with  coin  cells  (Type  2430).  The  cathode  film 
was  fabricated  by  mixing  the  active  material,  acetylene  black  and 
polyfluortetraethylene  (PTFE)  at  a  weight  ratio  of  80:15:5  in  pure 
ethanol  to  form  a  paste.  After  rolling  to  a  thin  film  of  140  pm  in 
thickness,  it  was  cut  into  circular  discs  with  a  diameter  of  12  mm. 
The  as-prepared  cathode  films  were  assembled  into  lithium  bat¬ 
teries  in  an  argon  filled  glove  box,  with  Celgard  2400  as  a  separator, 
Li  foil  as  counter  and  reference  electrodes.  The  electrolyte  was  1  M 
LiPF6  in  a  mixture  of  ethylene  carbonate  (EC)  and  dimethyl  car¬ 
bonate  (DEC)  with  a  volume  ratio  of  1 :1.  All  the  cells  were  allowed 
to  age  for  24  h  before  testing.  The  galvanostatic  charge/discharge 
tests  were  conducted  on  a  Neware  battery  test  system  at  room 
temperature.  The  cyclic  voltammetry  (CV)  tests  were  conducted  at 
a  scanning  rate  of  0.1  mV  s-1  within  a  voltage  range  of  3.0-4.8  V.  In 
the  electrochemical  impedance  spectroscope  (EIS)  tests,  the  fre¬ 
quency  range  was  from  0.1  Hz  to  100  kHz  with  the  amplitude  of 
5  mV.  For  the  measurements  of  potential  step  chronoamperometry 
(PSCA),  an  overpotential  of  100  mV  was  applied  with  response  time 
of  200  s.  All  the  electrochemical  measurements  were  carried  out 
using  a  Chenhua  CHI660C  Electrochemical  Workstation. 

3.  Results  and  discussion 

3.2.  Sample  characterizations 

The  XRD  patterns  of  Zno,  Zr\2,  Zr\4  and  Zn6  powders  are  shown  in 
Fig.  1.  The  standard  diffraction  pattern  of  Li3V2(PC>4)3  is  also  given 
for  comparison.  The  XRD  patterns  of  the  Zn  doped  samples  are 
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Fig.  1.  XRD  patterns  of  Zn0,  Zn2,  Zn4  and  Zn6  powders.  The  standard  XRD  pattern  of 
Li3V2(P04)3  (ICSD  #  96962,  PDF  #  01-072-7074)  is  also  included. 


similar  to  that  of  the  undoped  one.  No  impurity  phases  are 
detectable  under  the  resolution  of  our  X-ray  diffractometer.  This 
indicates  that  Zn  enters  into  the  crystalline  structure  of  Li3V2(P04)3. 
All  the  diffraction  peaks  of  the  as-synthesized  powder  can  be 
indexed  as  monoclinic  Li3V2(P04)3  phase  (Space  group  PI  21/n  1, 
ICSD  #  96962,  PDF  #  01-072-7074).  There  is  no  evidence  in  the  XRD 
patterns  for  the  presence  of  carbon  due  to  its  amorphous  state  in 
the  composite  [28].  The  unit  cell  lattice  parameters  of  all  the 
samples  have  been  refined  and  the  results  are  summarized  in 
Table  1.  The  replacement  of  vanadium  by  zinc  in  the  monoclinic 
structure  causes  an  increase  in  the  unit  cell  volume,  which  is 
consistent  with  the  fact  that  the  radius  of  Zn2+  (0.074  nm)  is  larger 
than  V3+  (0.064  nm)  in  the  V06  octahedra.  The  difference  of  ionic 
radius  between  Zn2+  and  V3+  is  13.5%,  smaller  than  15%,  which  is 
calculated  by  A  =  (Ri-R2)/^2,  where  Rj  is  the  radius  of  the  bigger  ion 
(Zn2+)  and  R2  is  that  of  the  smaller  one  (V3+).  However,  the  valence 
of  the  both  ions  is  different.  Therefore,  the  vanadium  can  be 
partially  replaced  by  zinc  according  to  the  formation  condition  of  a 
solid  solution  33].  The  cell  parameters  also  agree  well  with  those 
given  in  several  previous  reports  [22,24,25  .  The  sole  difference  lies 
in  the  different  doping  elements  and  synthesis  methods  as  well. 

SEM  images  of  Zno,  Zn2,  Zn4  and  Zn6  powders  are  shown  in 
Fig.  2.  All  the  powders  are  slightly  agglomerated.  The  grain 
boundary  of  all  the  powders  is  indistinct  because  of  the  formed 
electronic  conducting  carbon  network,  leading  to  a  good  electron 
transport  among  Li3V2_xZnx(P04)3/C  particles.  The  Zno  powder 
(Fig.  2(a))  is  composed  of  irregular  particles  with  a  broad  particle 
size  distribution.  The  particles  of  Zno  powder  aggregate  to  form 
mesoporous  clusters  and  networks.  However,  the  particle  size  of 
the  Zn-doped  samples  is  varied  with  Zn  amount.  Appropriate  Zn 
doping  content  can  reduce  particle  size  as  well  as  narrow  particle 
size  distribution.  Obviously,  Zn4  powder  has  the  smallest  particle 
size  and  the  most  uniform  morphology  (Fig.  2(c)).  The  reduction  of 
particle  size  can  shorten  the  diffusion  path  of  lithium  ions  as  well  as 
increase  the  area  for  electrode  reaction,  which  is  beneficial  to 
improving  electrochemical  performance  as  proved  later. 

In  order  to  prove  the  existence  of  carbon  layer  on  the  surface  of 
Li3V2-xZnx(P04)3/C  particles,  HRTEM  observation  of  Zn4  is  carried 
out.  As  shown  in  Fig.  3,  a  thin  carbon  layer  of  about  3-4  nm  in 
thickness  is  coated  on  surface  of  the  host  particle. 

Particle  size  information  of  Zn0,  Zn2,  Zn4  and  Zn6  powders 
determined  by  a  laser  particle  size  analyzer  is  listed  in  able  2.  It  is 
seen  that  the  particle  size  analysis  results  are  over  all  consistent 
with  SEM  images  as  shown  in  Fig.  2.  Zn4  has  the  smallest  particle 
size  while  Zn6  has  the  largest  one. 

Electrical  conductivity  of  Zno,  Zn2,  Zn4  and  Zn6  powders  are 
shown  in  able  3.  The  conductivity  of  the  undoped  powder  agrees 
well  with  that  reported  in  a  previous  work  [2  .  It  is  obvious  that  Zn4 
has  the  highest  electrical  conductivity  among  all  four  samples. 
Moreover,  the  electrical  conductivity  of  all  the  three  Zn-doped 
samples  is  about  one  order  of  magnitude  higher  compared  to  that 
of  the  undoped  one  due  to  the  larger  radius  of  Zn2+  ion  than  V3+  ion 
and  the  different  valence  state  between  Zn  and  V  ions.  In  Zn  doped 
samples,  on  one  hand,  the  doping  of  Zn2+  ions  enlarges  crystalline 
lattices  of  Li3V2(P04)3  and  leads  to  a  distortion  of  V  positions,  thus 
resulting  in  narrowing  band  gap  of  Zn-doped  Li3V2(P04)3,  similar  to 


Table  1 

Refined  unit  cell  lattice  parameters  for  Zn0,  Zn2,  Zn4  and  Zn6  powders. 


Sample 

a  (nm) 

b  (nm) 

c  (nm) 

0(°) 

V  (nm3) 

Zn0 

0.8599(3) 

1.2055(8) 

0.8547(2) 

89.148(0) 

0.8860(1) 

Zn2 

0.8524(7) 

1.2085(9) 

0.8606(5) 

89.509(0) 

0.8866(8) 

Zn4 

0.8544(7) 

1.2051(2) 

0.8629(6) 

90.439(5) 

0.8885(9) 

Zn6 

0.8521(7) 

1.2095(2) 

0.8640(1) 

90.284(6) 

0.8905(4) 

18 


Y.  Yang  et  al.  /  Journal  of  Power  Sources  269  (2014)  15—23 


Fig.  2.  SEM  images  of  Zn0,  Zn2,  Zn4  and  Zn6  powders  with  the  amplification  of  2000 
times. 


Na-doped  Li3V2(P04)3/C.  Therefore,  Zn2+  doping  can  enhance  the 
electrical  conductivity  of  Li3V2(P04)3/C  [2].  On  the  other  hand,  after 
Zn2+  substitutes  onto  V3+  site,  there  will  generate  a  hole  and  V4+  in 
order  to  preserve  charge  balance.  Consequently,  the  conductivity 
increases.  This  situation  has  already  been  reported  in  Mg-doped 
Li3V2(P04)3/C  [13]. 


Carbon 


5 gc 


10  nm 


t « r « r 


Fig.  3.  HRTEM  image  of  Zn4  showing  a  carbon  layer  with  3-4  nm  in  thickness  on  the 
surface  of  Li3V2(P04)3  particle. 


The  content  of  carbon  measured  by  an  elemental  analyzer  in  the 
samples  Zno,  Zn2,  Zn4  and  Zn6  are  also  shown  in  Table  3.  It  can  be 
easily  seen  that  the  content  of  carbon  in  doped  samples  is  lower 
than  that  of  undoped  one,  in  agreement  with  the  case  of  a  previous 
report  [34  .  In  addition,  although  the  carbon  content  of  Zno  is 
higher  than  Zn4,  its  electrical  conductivity  is  much  lower  than  that 
of  Zn4.  Meanwhile,  the  carbon  content  between  Zn2  and  Zn4  is 
relatively  close,  but  the  electrochemical  performance  of  Zn2  is 
much  worse  compared  with  that  of  Zn4.  Hence,  the  enhancement  in 
electrical  conductivity  is  mostly  attributed  to  the  Zn  doping.  It  is 
also  believed  that  the  dramatic  difference  of  electrochemical  per¬ 
formance  among  the  four  samples  is  not  derived  from  the  different 
contents  of  carbon. 

32.  Galvanostatic  electrochemical  performances 

Initial  charge/discharge  curves  are  shown  in  Fig.  4  for  the  four 
samples  in  the  voltage  range  of  3.0-4.8  V  at  room  temperature  at 
the  current  rates  of  0.2C,  1C,  2C  and  5C,  respectively.  The  two  curves 
of  the  undoped  Zn0  at  0.2C  exhibit  four  charge  voltage  plateaus  and 
three  discharge  voltage  plateaus.  These  plateaus  are  corresponding 
to  a  sequence  of  transition  processes  between  every  two  single 
phases  of  Li3_yV2(P04)3:  y  =  0.0,  0.5,  1.0,  2.0  and  3.0  [35].  It  is 
noteworthy  that  the  first  two  charge  plateaus  were  gradually 
merged  into  one  and  became  more  sloped  with  an  enhancement  of 
current  rates.  This  is  caused  by  the  disordering  of  Li  ions  during  the 
extraction/reinsertion  process  [36  .  Meanwhile,  the  potential  dif¬ 
ferences  between  the  charge  and  discharge  plateaus  increased  and 
the  capacities  reduced  with  increasing  current  rates,  indicating  an 
increased  electrical  polarization. 

The  plot  shape  of  Zn-doped  samples  is  basically  consistent  with 
that  of  Zn0.  However,  there  are  differences,  to  a  certain  degree,  of 
charge/discharge  behavior  among  the  four  cells.  It  is  found 
discharge  capacity  of  the  three  Zn-doped  samples  is  not  monoto¬ 
nously  enhanced  with  increasing  Zn-doping  content.  It  becomes 


Table  2 

Particle  size  of  Zn0,  Zn2,  Zn4  and  Zn6  powders. 


Sample 

Zn0 

Zn2 

Zn4 

Zn6 

Particle  size  (pm) 

3.226 

2.581 

2.248 

4.286 
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Table  3 

Electrical  conductivity  and  carbon  content  of  Zn0,  Zn2,  Zn4  and  Zn6  powders. 


Sample 

Zn0 

Zn2 

Zn4 

Zn6 

Conductivity 
(S  cur1) 

8.69  x  10  4 

9.45  x  1CT3 

1.14  x  1CT2 

8.83  x  1(T3 

Carbon 

content  (wt  %) 

5.73 

5.39 

5.24 

4.85 

better  steadily  from  Zno  to  Zn4  at  first  and  then  a  decrease  is 
observed  at  Zn6.  All  of  these  are  mainly  attributed  to  Zn  overdoping 
and  the  differences  of  electrochemical  activities  between  V3+  and 
Zn2+.  At  low  current  rate  such  as  0.2C,  although  initial  discharge 
capacity  for  Zn4  presents  no  obvious  difference  compared  with  that 
for  the  undoped  one,  it  is  increased  at  higher  rates.  The  initial 
discharge  capacity  of  Zn4  reached  133.4  mAh  g_1,  126.4  mAh  g-1 
and  105.5  mAh  g-1  at  1C,  2C  and  5C,  respectively,  while  the 
discharge  capacity  of  Zno  are  only  131.7  mAh  g-1, 115.4  mAh  g^1  and 

75.2  mAh  g'1  at  the  same  rates.  It  is  clear  that  the  improvements  of 
discharge  capacity  become  more  significant  with  increasing  cur¬ 
rent  rate  after  appropriate  amount  of  Zn  doping  (Zn4)  compared 
with  Zno.  For  instance,  the  increase  of  discharge  capacity  is  only 
1.7  mAh  g-1  (from  131.7  mAh  g^1  to  133.4  mAh  g'1 )  at  1 C  while  it  is 

30.3  mAh  g-1  (from  75.2  mAh  g-1  to  105.5  mAh  g_1)  at  5C.  All  what 
mentioned  above  is  in  a  good  agreement  with  the  cases  of  V3+ 
substituted  by  Fe2+  [12  ,  Mg2+  [20],  Cr3+  [21],  Ce3+  [22]  and  Nb5+ 
[23]  in  Li3V2(P04)3,  respectively. 

Comparisons  of  cycle  performance  and  coulombic  efficiency  of 
Zno,  Zn2,  Zn4  and  Zn6  at  0.2C  and  5C  is  shown  in  Fig.  5(a)  and  (b), 
respectively.  As  shown  in  the  curves  of  cycle  performance,  even 
though  the  initial  discharge  capacity  of  Zno  is  higher  than  that  of 
Zn-doped  samples  at  0.2C  before  cycling,  the  discharge  capacity 
decreases  more  sharply  than  that  of  Zn2  and  Zn4  after  50  cycles.  In 


the  voltage  range  of  3.0-4.8  V,  the  undoped  sample  shows  only 
capacity  retention  of  62.8%  at  0.2C  after  50  cycles,  while  Zn2  and 
Zn4  remain  67.0%  and  83.6%  of  capacity  retention,  respectively.  It  is 
in  keeping  with  the  work  of  Chung  et  al.  [37].  Chung  et  al.  reported 
that  metal  ion  doping  might  allow  the  formation  of  more  stable 
phase  and  enhance  the  ionic  or  electronic  conductivity,  which 
would  improve  the  specific  capacity  at  high  rates  and  superior 
cycle-life  performance.  However,  the  cycle  stability  of  Zn6  is 
severely  declined  as  cycling  because  of  the  worse  electrochemical 
activities  of  Zn2+  than  V3+  as  well.  It  is  seen  from  Fig.  5(b)  that  Zn4 
still  delivers  89.2%  of  initial  discharge  capacity  (105.5  mAh  g_1) 
after  100  cycles  at  5C,  much  higher  than  that  of  the  undoped  one. 

It  can  also  be  seen  from  Fig.  5  that  the  composites  investigated 
in  this  work  have  excellent  higher  rate  performance  and  superior 
cycle-life  performance  comparing  with  the  similar  materials  at  the 
low  rate,  for  example  at  0.2C  (50  cycles)  and  5C  (100  cycles).  This 
case  is  similar  to  some  previous  reports  [2,4,13,21,23  .  Dong  et  al. 
[13]  reported  that  the  cycle  performance  has  no  much  improve¬ 
ment  at  a  low  charge/discharge  rate  (0.1  C),  while  it  has  an  obvious 
improvement  at  5C  after  Mg  doping.  The  results  of  Chen  et  al.  [21] 
exhibited  that  although  there  is  large  decrease  in  initial  specific 
capacity  for  all  Cr-doped  samples  at  the  current  rate  at  0.2C,  both 
cycle  performance  and  rate  capability  have  been  improved  mark¬ 
edly  when  Cr  content  x  is  no  more  than  0.1. 

The  reasons  why  the  composites  investigated  in  this  work  have 
excellent  higher  rate  performance  and  superior  cycle-life  perfor¬ 
mance  comparing  with  the  similar  materials  at  the  low  rate  are 
discussed  as  follows.  On  one  hand,  a  small  content  of  Zn  doping 
does  not  influence  the  structure  of  the  Li3V2(P04)3  materials.  With 
increasing  the  Zn-doping  content,  the  discharge  capacity  decreases 
slightly  due  to  the  inactive  Zn2+,  similar  to  Mg  doping  [13]. 
Meanwhile,  the  valence  of  the  zinc  and  vanadium  ions  is  different. 
The  partial  substitution  of  zinc  ions  on  the  interstitial  sites  requires 


Fig.  4.  Initial  charge-discharge  curves  of  Zn0,  Zn2,  Zn4  and  Zn6  at  0.2C  (a),  1C  (b),  2C  (c)  and  5C  (d)  in  the  voltage  range  of  3.0-4.8  V. 
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Fig.  5.  Cycle  performance  and  coulombic  efficiency  of  all  the  samples  at  0.2C  (a)  and 
Zn0,  Zn4  at  5C  (b). 


some  associated  charge  balance  to  maintain  electrical  neutrality. 
This  can  be  accomplished  by  vacancy  formation,  substitutional 
solid  solution,  or  changes  in  the  electronic  structure.  These  defects 
can  result  in  lattice  distortion  [33  .  However,  the  defects  resulted 
from  Zn  doping  have  a  negative  effect  on  the  electrochemical  per¬ 
formance  at  low  rates.  Moreover,  the  ratio  of  V3+/V4+  participating 
in  the  reaction  decreases  after  zinc  doping.  This  leads  to  the 
decreased  electrochemical  performance  at  low  rates.  On  the  other 
hand,  the  existence  of  the  inactive  Zn2+  might  counteract  the  vol¬ 
ume  shrinking/swelling  during  the  Li+  reversible  extraction/inser¬ 
tion,  and  then  increase  the  cycle  stability  of  LisV2(P04)3  system,  as 
Zn2+  ions  in  the  Zn  doped  LiFeP04  system  [29].  For  Li3V2(P04)3 
materials,  it  has  been  reported  that  the  structural  stability  of 
orthorhombic  Li3V2(P04)3  can  be  enhanced  by  Nb  doping  [23  .  The 
authors  presented  that  V3+  will  be  changed  to  V5+  during  the 
lithium  de-intercalation  process,  which  could  lead  to  the  lattice 
collapse  and  limit  diffusion  of  lithium  ion.  While  doping  with 
optimal  amount  of  Nb  has  a  slight  effect  on  the  crystal  structure  of 
Li3V2(P04)3  and  Nb5+  ions  may  act  as  a  pillar  to  prevent  the  collapse 
of  crystal  upon  cycling.  So  Nb  doping  could  maintain  the  structural 
stability  for  long-term  cycling.  It  was  also  reported  that  metal  ion 
doping  might  allow  the  formation  of  more  stable  phase  and 
enhance  the  ionic  or  electrical  conductivity,  which  would  improve 
the  electrochemical  properties,  including  enhanced  specific  ca¬ 
pacity  at  high  rate  and  superior  cycle-life  performance  [37].  In 
addition,  it  is  generally  accepted  that  the  electrochemical  perfor¬ 
mance  is  dependent  on  several  factors,  including  the  morphology, 
particle  size  and  crystallinity  [23  .  The  Zn4  exactly  satisfied  the 


Table  4 

Coulombic  efficiency  of  all  the  prepared  samples. 


Sample 

Zn0 

Zn2 

Zn4 

Zn6 

Coulombic  efficiency  at  0.2C  (%) 

96.29 

97.46 

99.53 

95.97 

Coulombic  efficiency  at  5C  (%) 

85.20 

/ 

99.42 

/ 

above  conditions,  with  optimized  particle  size  and  shape,  so  it  ex¬ 
hibits  the  highest  discharge  capacity  and  the  best  capacity  reten¬ 
tion  ratio  [38].  And  the  advantage  of  smallest  particle  size  is 
sufficiently  reflected  at  high  rates  according  to  the  mosaic  model 
proposed  for  LiFePCH  cathode  materials  [32  .  Consequently,  the  rate 
performances  and  the  cyclic  performances  of  the  Li3V2(P04)3  sys¬ 
tem  were  apparently  improved  through  the  doping  of  suitable 
amount  of  Zn  at  the  high  charge/discharge  rates. 

The  coulombic  efficiency  given  in  Fable  4  is  the  average  of  the 
coulombic  efficiency  from  the  first  cycle  to  the  50th  cycle  at  0.2C 
and  from  the  first  cycle  to  the  100th  cycle  at  5C  as  shown  in  Fig.  5.  It 
is  obvious  that  all  the  samples  have  a  similar  coulombic  efficiency 
at  low  rate  such  as  0.2C,  while  the  coulombic  efficiency  of  Zno  and 
Zn4  at  the  high  rate  of  5C  varies  greatly.  In  addition,  the  columbic 
efficiency  of  Zn4  at  5C  is  close  to  100%  during  the  whole  cycling, 
highlighting  good  electrochemical  reversibility  [39].  This  result  can 
explain  the  cycle  performance  to  a  certain  degree. 

On  the  whole,  Zn4  exhibited  an  optimum  initial  discharge  ca¬ 
pacity  and  cycle  performance,  especially  at  5C.  This  can  be 
explained  by  the  improved  microstructure  and  higher  electrical 
conductivity.  As  mentioned  above,  Zn4  composite  has  the  smallest 
particle  size  and  the  most  uniform  morphology.  The  Li  ions  only 
need  to  diffuse  over  shorter  distance  between  the  surface  and 
center  during  lithium  insertion  or  extraction  within  a  smaller 
particle.  Smaller  particles  also  have  a  lager  specific  surface  area  for 
contacting  with  electrolyte,  which  can  provide  more  chances  for 
electron  conducting.  Besides,  with  the  increase  of  cycle  times,  there 
is  concentration  polarization  between  the  surface  and  center  of  the 
active  material,  resulting  in  a  decrease  of  discharge  capacity.  After 
Zn-doping,  the  formation  of  more  stable  phase  can  prohibit  the 
polarization.  In  addition,  as  reported  in  a  previous  article  [32],  the 
active  material  with  a  finer  particle  size  can  almost  fully  contribute 
to  the  charge-discharge  capacity  according  to  the  mosaic  model 
proposed  for  LiFePCH  cathode  materials.  So  the  advantage  of  small 
particle  size  is  sufficiently  reflected  at  high  rates. 

Fig.  6  shows  rate  performances  of  Zno  and  Zn4.  The  discharge 
capacity  of  Zno  is  46.8  mAh  g-1  after  the  10th  cycle  at  5C,  remaining 
30.7%.  As  a  comparison,  the  capacity  is  139.9  mAh  g-1  after  the  10th 
cycle  at  0.1  C,  with  a  retention  of  91.8%.  An  intrinsic  defect  of 
Li3V2(P04)3  may  take  responsibility  for  this  decay  behavior 
[9,23,28  .  After  Zn-doping,  even  though  the  capacity  retention  has 
no  clear  difference  after  10  cycles  at  0.1  C,  significant  enhancements 
of  capacity  retention  at  elevated  rates  are  clearly  observed.  A 
retention  of  42.5%  is  obtained  for  Zn4  sample  after  10  cycles  at  5C. 
Zn  substitution  is  substantially  beneficial  to  the  rate  performance 
because  of  the  higher  diffusion  coefficient  of  lithium  ions  resulted 
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Fig.  6.  Rate  performance  of  Zn0  and  Zn4  in  the  voltage  range  of  3.0-4.8  V. 


Y.  Yang  et  al.  /  Journal  of  Power  Sources  269  (2014)  15—23 


21 


Potential  /  V 

Fig.  7.  Cyclic  voltammetry  profiles  of  Zn0,  Zn2,  Zn4  and  Zn6  at  a  scanning  rate  of 
0.1  mV  s'1  in  the  voltage  range  of  3.0-4.8  V. 

from  the  relatively  higher  intrinsic  conductivity  and  the  smaller 
particle  size. 

3.3.  Cyclic  voltammetry 

CV  curves  of  Zno,  Zn2,  Zn4  and  Zn6  between  3.0  and  4.8  V  are 
shown  in  Fig.  7(a).  In  order  to  show  more  clearly  the  difference  of 
the  plots,  CV  curves  of  Zno  and  Zn4  are  redrawn  in  Fig.  7(b).  It  is  seen 
that  all  the  curves  show  a  similar  profile.  There  are  four  oxidation 
peaks  and  three  reduction  peaks  in  all  the  curves,  indicating  that 
the  reaction  behavior  does  not  change  during  lithium  extraction/ 
insertion  process.  In  the  differential  CV  curves,  the  first  two  sharp 
oxidation  peaks  are  associated  with  the  extraction  of  the  first  Li  ion. 
As  is  shown  in  Fig  7(b),  the  four  oxidation  peaks  of  the  undoped 
sample  are  located  at  around  3.66  V,  3.72  V,  4.15  V  and  4.57  V, 
respectively,  and  three  reduction  peaks  are  located  at  around 
3.52  V,  3.60  V  and  3.87  V,  respectively.  However,  some  significant 
changes  can  be  observed  in  the  Zn-doped  samples.  Taking  Zn4 
electrode  as  an  example,  the  reduction  peaks  shift  up  to  3.54  V, 
3.61  V  and  3.90  V,  respectively.  Table  5  gives  potential  differences 
between  oxidation  and  reduction  peaks  for  all  the  samples.  It  is 


Table  5 

Potential  differences  between  the  oxidation  and  reduction  peaks  for  Zn0,  Zn2,  Zn4 
and  Zn6. 


Sample 

AEa-a'  (V) 

AEb-b'  (V) 

AEc-c'  (V) 

AEd-c'  (V) 

Zn0 

0.141 

0.122 

0.279 

0.710 

Zn2 

0.142 

0.140 

0.282 

0.715 

Zn4 

0.120 

0.113 

0.239 

0.664 

Zn6 

0.144 

0.178 

0.288 

0.743 

clear  the  potential  differences  are  the  smallest  for  Zn4  electrode. 
The  well-defined  peaks  and  smaller  value  of  potential  interval  are 
the  reasons  for  the  enhancement  of  electrode  reaction  reversibility. 

Meanwhile,  Zn4  has  the  highest  peak  of  current  density  among 
all  the  four  samples.  As  is  known,  the  relationship  between  current 
density  and  diffusion  coefficient  of  lithium  ions  is  complied  with 
the  following  Eq.  (2)  [30]: 

ip  =  2.69  x  105n3/2aC0D1/2i/1/2  (2) 

where  ip  is  the  peak  current,  n  is  the  number  of  electrons  trans¬ 
ferred  per  molecule  during  the  intercalation,  A  is  the  contact  area 
between  active  material  and  electrolyte,  Co  is  the  concentration  of 
lithium  ions,  D  is  the  diffusion  coefficient  of  lithium  ions,  and  v  is 
the  scan  rate.  Since  zp  is  proportional  to  D1/2,  it  is  rationally  deduced 
that  the  Li+  ion  diffusion  coefficient  of  Zn4  is  also  the  highest  [31  . 
This  is  ascribed  to  the  small  particle  size,  slight  agglomeration  and 
good  crystallization. 

3.4.  EIS  and  PSCA  analyses 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
were  carried  out  to  study  the  effect  of  Zn  doping  on  the  impedance 
response.  EIS  tests  were  performed  on  all  the  samples  at  the  fully 
discharged  state.  Fig.  8(a)  shows  the  Nyquist  plots  of  Zno,  Zn2,  Zn4 
and  Zn6.  All  the  impedance  spectra  are  composed  of  a  depressed 
semicircle  in  the  moderate  frequency  region  and  a  straight  sloping 
line  in  the  low  frequency  region.  The  semicircle  is  related  to  the 
charge  transfer  process.  The  numerical  value  of  the  diameter  of  the 
semicircle  on  the  Z!  axis  is  approximated  as  the  charge  transfer 
resistance  (Kct).  The  straight  beeline  is  attributed  to  the  Warburg 


-1/2  ,  TT  -1/2 
CD  /Hz 

Fig.  8.  EIS  spectra  of  all  the  samples  in  the  frequency  range  between  0.1  Hz  and 
100  kHz  with  the  amplitude  of  5  mV  (a)  and  the  relationship  between  7!  and  square 
root  of  frequency  (w~1/2)  in  the  low-frequency  region  (b). 
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Table  6 

Kinetic  parameters  of  Zn0,  Zn2,  Zn4  and  Zn6. 


Sample 

Rct  (O) 

G 

b 

I< 

Dfi  (cm2  s  1  )/EIS 

Dt  (cm2  s-1)/PSCA 

Du  (cm2  s  1)/CV 

Zn0 

32.72 

6.13 

12.610 

31.456 

5.40  x  lO^11 

5.33  x  10~9 

6.82  x  10~9 

Zn2 

71.18 

21.68 

12.152 

23.870 

4.32  x  10~12 

5.50  x  10~9 

3.38  x  10~9 

Zn4 

20.39 

5.59 

17.869 

23.857 

6.50  x  10~n 

9.03  x  10  9 

7.42  x  10  9 

Zn6 

79.77 

10.69 

7.966 

33.727 

1.78  x  10~n 

3.26  x  10~9 

3.70  x  10~9 

impedance,  which  is  associated  with  the  diffusion  of  Li+  ions  in  the 
electrode  [24,25].  It  can  be  easily  inferred  through  comparing  the 
semicircles  of  all  the  samples  shown  in  Fig.  8(a)  that  Zn4  has  the 
smallest  charge  transfer  resistance  (ftct)  among  the  four  samples. 

In  order  to  understand  influences  of  Zn  doping  on  the  diffusion 
coefficient  of  Li+  ion  (D),  the  EIS  result  is  fitted  (Fig.  8(b)).  The 
diffusion  coefficient  of  Li+  ion  (D)  are  calculated  according  to  the 
following  Eq.  (3): 

D  =  R2T2f2A2n4F4C2a2  (3) 

where  R  is  the  gas  constant,  T  is  the  absolute  temperature,  A  is  the 
surface  area  of  the  cathode,  n  is  the  number  of  electrons  per 
molecule  during  oxidization,  F  is  the  Faraday  constant,  C  is  the 
concentration  of  lithium  ion,  and  a  is  the  Warburg  factor  which  has 
a  relationship  with  7!  as  follows  [29,40]: 

7!  =Re  +  Ra  +  ffw“1/2  (4) 

where  Re  is  the  resistance  between  the  electrolyte  and  electrode,  Rct 
is  the  charge  transfer  resistance,  and  oj  is  angle  frequency.  Fig.  8(b) 


0  50  100  150  200 

t  /  s 


Fig.  9.  PSCA  curves  of  all  the  samples  with  a  potential  step  of  100  mV  in  200  s  (a)  and 
the  relationship  between  I  and  t_1/2  (b). 


shows  the  relationship  between  Z!  and  square  root  of  frequency 
(w-1/2)  in  the  low-frequency  region.  A  linear  characteristic  is  seen 
for  all  the  curves,  er,  the  slope  of  the  linearly  fitted  lines  of  7!  vs. 

2,  is  listed  in  Table  6.  The  value  of  Warburg  factor  is  6.13,  21.68,  5.59 
and  10.69  corresponding  to  Zno,  Zn2,  Zn4  and  Zn6,  respectively. 
Since  D  is  proportional  to  cr~2,  it  is  easily  concluded  that  the  sample 
of  Zn4  has  the  highest  lithium  ion  diffusion  coefficient. 

To  further  understand  the  reason  for  an  improved  electro¬ 
chemical  performance  of  Zn-doped  samples,  the  potential  step 
chronoamperometry  (PSCA)  measurement  was  performed  after 
fully  discharged  to  3.0  V  Fig.  9(a)  shows  the  chronoamperometry 
I-t  curves.  Fig.  9(b)  is  the  J-t1^2  curve  which  is  converted  from 
Fig.  9(a).  Dti  can  be  obtained  from  the  following  equation: 


b2R2 


tcK2 


where,  b  is  the  intercept,  I<  is  the  slope  of  the  fitted  line,  and  R  is  the 
average  radius  of  each  powder  [41  .  All  the  parameters  obtained 
from  the  PSCA  are  given  in  Table  6.  It  can  be  observed  that  the  Dt  is 
9.03  x  10-9  cm2  s_1  for  the  sample  of  Zn4.  This  value  is  the  highest 
among  all  the  four  samples,  in  agreement  with  the  rate  capability 
and  EIS  results. 

Moreover,  the  diffusion  coefficient  of  lithium  ion  determined 
from  different  methods  is  also  summarized  in  Table  6.  It  is  found 
that  although  the  diffusion  coefficients  are  slightly  different  and 
ranges  from  10-9  to  10  12  cm2  s-1,  they  are  very  close  to  the  values 
reported  by  Chen  et  al.  [26].  In  addition,  Zn4  has  always  the  fastest 
lithium  ion  diffusion  regardless  which  method  is  used.  This  is 
consistent  with  the  above  electrochemical  results. 


4.  Conclusions 

Zno,  Zn2,  Zn4  and  Zn6  were  successfully  synthesized  by  an 
improved  sol-gel  process  in  which  pH  value  was  controlled  at  4. 
Galvanostatic  electrochemical  measurements  indicated  that  Zn4 
exhibited  the  best  electrochemical  performances  in  the  voltage 
range  of  3.0-4.8  V,  especially  at  high  rates.  Zn4  shows  the  highest 
initial  discharge  capacity  of  105.5  mAh  g-1  at  5C,  while  the 
discharge  capacity  of  the  undoped  sample  is  only  75.2  mAh  g_1. 
After  100  cycles,  capacity  retention  for  Zn4  remains  89.2%,  much 
higher  than  60.0%  for  Zno.  The  lower  charge  transfer  resistance 
and  higher  diffusion  coefficient  of  lithium  ions  are  responsible  for 
the  outstanding  electrochemical  performance  of  the  Zn-doped 
composites,  which  resulted  from  the  small  particle  size,  slight 
agglomeration,  good  crystallization  and  high  intrinsic 
conductivity. 
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